Purpose Surgical simulators are currently essential within any laparoscopic training program because they provide a low-stakes, reproducible and reliable environment to acquire basic skills. The purpose of this study is to determine the training learning curve based on different metrics corresponding to five tasks included in SINERGIA laparoscopic virtual reality simulator. Methods Thirty medical students without surgical experience participated in the study. Five tasks of SINERGIA were included: Coordination, Navigation, Navigation and touch, Accurate grasping and Coordinated pulling. Each participant was trained in SINERGIA. This training consisted of eight sessions (R1-R8) of the five mentioned tasks and was carried out in two consecutive days with four sessions per day. A statistical analysis was made, and the results of R1, R4 and R8 were pair-wise compared with Wilcoxon signed-rank test. Significance is considered at P value <0.005. Results In total, 84.38 % of the metrics provided by SINER-GIA and included in this study show significant differences when comparing R1 and R8. Metrics are mostly improved in the first session of training (75.00 % when R1 and R4 are compared vs. 37.50 % when R4 and R8 are compared). In tasks Coordination and Navigation and touch, all metrics Conclusions Learning curves of metrics that assess the basic psychomotor laparoscopic skills acquired in SINERGIA virtual reality simulator show a faster learning rate during the first part of the training. Nevertheless, eight repetitions of the tasks are not enough to acquire all psychomotor skills that can be trained in SINERGIA. Therefore, and based on these results together with previous works, SINERGIA could be used as training tool with a properly designed training program.
Introduction
Laparoscopy has become a gold standard in many surgical procedures for the last years. This fact is mainly thanks to its application in different surgical procedures and its multiple benefits for patients as well as for health systems [1] [2] [3] [4] .
These new laparoscopic techniques imply the acquisition of laparoscopic psychomotor skills in addition to the typical surgical skills [5] principally due to the following differences, among others, when compared with open surgery [6] :
-The laparoscope changes the 3D surgical field into a 2D view of it on the screen. -This conversion results on a loss of depth perception.
-There is not a direct tactile perception but through a long, thin and without "wrists" surgical instrument. -The fulcrum effect, due to the use these instruments through a fixed point, results in non-intuitive movements.
So, it is highly important to provide opportunities for surgical skills training and to find adequate time for trainees to practice and master their skills. This teaching and practice should occur outside the operating room [7] due to issues such as quality control, patient safety, financial constraints, efficiency and cost-effectiveness and less exposure [8] . Thanks to training, some behaviors, skills and surgical gestures can be made automatically so the limited attentional resources that should be dedicated to them can be focused on other activities like decision making [9] . Simulators are becoming an important method for surgical training because they offer a low-stakes, learner-centered education as well as a reliable and reproducible environment [10] [11] [12] [13] and there is a wide literature proving its utility [14] [15] [16] [17] [18] . Simulators are usually classified in three categories: box trainers, augmented reality simulators and virtual reality simulators. Virtual reality (VR) simulators objectively assess the performance of the tasks without requesting the intervention of an expert since they measure and store metrics during the performance itself [19, 20] .
A VR simulator has to be reliable and valid if we want to use it as training tool. Usually there are five types of validations: face validity, content validity, construct validity, concurrent validity and predictive validity [6, 20, 21] but besides that, it is also interesting to analyze the learning curve of trainees in order to see the evolution of metrics along the repetitions. The learning curve shows the number of times that a particular task or procedure must be done in order to complete it repeatedly with high accuracy and precision [22] .
SINERGIA [23] is a VR simulator for training basic skills in laparoscopic surgery. Although different validation studies have been performed [24, 25] , the learning curve of novices has not been analyzed yet. Therefore, the objective of this work is to determine and analyze this learning curve for different metrics corresponding to five tasks included in SINERGIA VR simulator.
Materials and methods

Subjects
Thirty participants were recruited for the study. They were medical students (21 women and 9 men) who had few or no experience in laparoscopic surgery neither had trained in any virtual laparoscopic surgical simulator. Mean age of the participant was 24.3 ± 4.3 years (range, 20-38 years). Twentysix participants in the study were right-handed, 2 participants were left-handed and 2 participants were ambidextrous. All tests were accomplished in the Jesús Usón Minimally Invasive Surgery Centre in Cáceres, Spain.
Training in SINERGIA SINERGIA [23] is a VR simulator designed for the learning of basic skills in laparoscopic surgery. Two main contributions arise from this global aim: (1) a specification of didactic exercises that has reverted into the creation of a new training environment; (2) an appropriate use of the simulations technologies that significantly improved the whole simulation. The simulator comprises 7 didactic units: hand-eye coordination, camera manipulation, grasping, pulling, cutting, dissection and suture; with one or more tasks in each one of them.
Among all the tasks SINERGIA provides, five tasks have been selected for this study (Fig. 1 ) and the rest have been omitted due to subject time considerations. For each of these tasks, a certain number of metrics have been automatically recorded. Some parameters are common between tasks whereas other metrics are specific to certain tasks. Table 1 shows a definition of the tasks as well as which metrics are recorded for each one. A definition of the metrics is provided in [24] . Common metrics are total time, fulfillment and instrumental efficiency. Path length is also recorded by the simulator but it has not been included in the study. Although this metric is quite intuitive, it is not useful to compare as it is highly dependent on the position of the elements which are randomly situated on the scene. Therefore, efficiency is more recommended as the effects of the random positions are avoided.
Study design
All participants were trained in SINERGIA. The study methodology is shown in Fig. 2 . The training consisted of 8 repetitions with 5 tasks each and was made in two sessions in consecutive days with 4 repetitions per day. An instructor was available at all sessions, providing standardized oral feedback about tasks and rules before the first run of each task. Subjects were supervised while they were accomplishing the tasks but they did not receive any external help by the instructor.
Each repetition lasted 10 min except for the first one because of the explanations provided by the instructor to the participant. As time to accomplish each task is short, no break between tasks was included (just the necessary time to change between tasks in SINERGIA VR simulator). Break between repetitions was approximately 2 min long.
Statistical analysis
Statistical analysis was performed using SPSS software (Version 15.0, SPSS Inc, Chicago, IL, USA). Data are given as mean ± standard deviation (SD). Learning curves have been graphically represented, considering results from R1 to R8. • The first and the last repetitions of the first training session, R1 and R4, respectively, • the last repetition of each training session, R4 and R8, and • the first and the last repetitions of the training session, R1
and R8, respectively.
Differences were considered significant at P < 0.05. In general terms, most metrics that presents significant differences when comparing R1 and R8 (84.38 %) are already significant when comparing first and last repetition of the first training session (R1 vs. R4; significance in 75.00 % of the metrics). Differences are lower in the second part of the training, finding fewer cases of significant differences in the comparison of R4 and R8 (significance in 37.50 % of the metrics). The exception to this situation is found in Navigation and touch, where there are more cases of significant differences when comparing R4 and R8 than when comparing R1 and R4.
Results
As described in the methodology section, metrics that are evaluated in all tasks are total time, fulfillment and left instrument efficiency. Right instrument efficiency is also measured in all tasks except in tasks where camera handling is involved. Figures 3, 4, 5, 6 show the mean value of these four metrics. Error bars represent a 95 % confidence interval. Some points in the figures are slightly displaced in order to avoid error bars to overlap. Total time shows a decreasing trend in all cases, most marked in Coordinated pulling. Fulfillment learning curve presents the most pronounced improvement along repetitions, especially coordinated pulling where it increases from 65.56 ± 28.34 in R1 to 96.77 ± 10.01 in R4. Left instrument efficiency and right instrument efficiency show in both cases an increasing behavior but the improvement rate is lower than other metrics.
Discussion
Laparoscopic surgery implies the acquisition of new surgical skills that are very different to the ones of open surgery and besides that, there is not transference of skills between the two types of surgery [6, 26, 27] . Learning curve of laparoscopic surgery appears to be longer than the one of open surgery [6, 22] so surgical simulators have been used to shorten this learning curve by acquiring basic skills out of the operating room and automating them [9] .
Therefore, this paper presents the learning curve of novices when they train basic laparoscopic psychomotor skills in SINERGIA VR laparoscopic simulator. By itself, this type of curves does not necessarily imply a learning of skills but it is often considered an interesting step in the global evaluation of a simulator since it warrants further investigation and potentially can lead to a generalization of the skills acquisition [12] . The motivation to carry out this study is based on the fact that SINERGIA virtual reality simulator is currently a prototype so all different approaches regarding the full validation of the training system must be addressed. Therefore, our final aim is to check a new virtual reality simulator that allows training basic skills in a safe, reliable and reproducible environment. The defined training program included eight repetitions of the selected tasks, divided in two sessions in consecutive days. The determination of choosing eight and no more repetitions was based on the results of Grantcharov et al. [28] . They exposed that learning curves for novice surgeons reached plateau after seven repetitions of the task in a VR simulator. Besides that, we have observed in our study that although learning curves corresponding to half of the analyzed metrics reach plateau in the fourth iteration, there are still other metrics that after eight sessions could be improved with a longer training program. This may be due to a different level of difficulty of the tasks considered or to a different training program. On the other hand and in our opinion, a possible 'overtraining' in basic skills would never be damaging but on the contrary it could be used as warming up before performing more difficult training tasks or even a real procedure. This has been already addressed by Plerhoples et al. in [29] where they prove that using a mobile device balance game decreases errors on basic tasks performed on a laparoscopy surgery simulator.
However, the optimum training program has not been defined yet [30] and the structure of that practice has to be determined too because only a lengthy enough practice is not sufficient [13] . Although surgeons normally acquire surgical skills in short courses [30] , it seems that distributed training is superior to massed training in acquiring and retaining psychomotor skills for endoscopic surgery on a VR simulator [31, 32] . In our case, it was not possible to carry out a distributed program due to subject time constraints, but we consider that results obtained in our study could be also improved with a distributed training program.
After an 8-repetition training program for basic surgical psychomotor skills training in SINERGIA, novices' performances were significantly better in most metrics for the analyzed tasks. Coordination and Navigation and touch improve all metrics along the whole training program. On the other hand, Navigation just improves in 60 % of them.
In Coordination task, metrics are mainly improved during the first training session. Hand-eye coordination skill, although not specifically, is also trained when the other tasks are accomplished. This could explain the fact that total time or harms to background are mainly improved from R1 to R4 and differences are not significant when comparing R4 and R8. On the other hand, efficiency, both for the left and the right instruments, as well as Harms to the background are improved along the 8 repetitions and in our opinion they could be still improved with more training sessions. Comparing these results with the mean of experts obtained in [24] , novices are not able to reach experts' level just with an 8-repetition training program. Trainees acquire confidence to handle instruments and move them faster, but they still are not able to move them efficiently without damaging the background.
Metrics of Navigation are improved during the whole training program in most of the cases. On the other hand, this task presents significant differences in a lower number of metrics. Trainees are able to finish more subtasks as the training goes on, as it is shown by the reduction of Total time and the increment of Fulfillment, but more training would be necessary to reduce the path length of the camera to focus the spheres without damaging the anatomical structures in the surgical scene. This is consistent with the results exposed by Moyano-Cuevas et al. [25] , which shows that training in SINERGIA allows improving skills regarding the precision, finding and focusing of structures. Since they did not measure efficiency or harms with LapMentor, those aspects could not be detected in their study.
As mentioned in the results section, Navigation and touch is the only task that presents more significant differences when the second part of the training is analyzed. It is left instrument efficiency the metric that does not improve significantly from R1 to R4. This may be due to this task requires a different maneuver for each hand (the sphere must be focused with the left instrument and touched with the right one) and just four iterations are not enough for novices to improve the accomplishment of two different actions at the same time in an effective way. Nevertheless, novices improve their efficiency in the second part of the training but we consider that better results can be achieved with further training since their performance is still distant to results of experts showed in [24] .
Task Accurate grasping presents the fastest acquisition rate of all considered tasks. It is interesting to remark results corresponding to the metric Grasps with excessive pressure. Although novices improve with training, differences are not significant. This is probably due to the fact that SINERGIA does not present a good realistic feedback as haptic sensation was rated with a low punctuation in the face validity of the simulator [24] . Besides that, experts achieve a perfect score in this metric (0.00 ± 0.00 errors, as shown in [24] ). With these results, it can be concluded that SINERGIA is not the best environment to acquire tactile sensation and handling of tissues but it is able to distinguish when too much pressure is done.
Metrics corresponding to Coordinated pulling task show that novices easily improve time and fulfillment. On the contrary, 3D perception can still be improved since they move instruments far away from the ideal path. Furthermore, noncoordination moments do not get close to the level of experts that barely reaches a mean value equal to 1.5 moments [24] .
It is interesting to remark the efficiency values in the case of Accurate grasping and Coordinated pulling. Efficiency is defined in [24] as the ratio between the minimum distance and the actual distance to accomplish the task. Particularly for Accurate grasping, these low values are due to the fact that minimum distance to accomplish the task is the straight line between the point to be grasped and the tool tip, which is in some cases, when two consecutive points have to be grasped with the same hand, the distance between the points along the thread. This is the minimum distance but in any case it is the natural way of behavior since surgeons tend to make a retraction movement to approach again the thread instead of moving the tool tip along the thread. This retraction movement makes that the actual distance is much greater than the minimum distance, resulting in low values of efficiency. The suitability of this minimum distance as optimal path in MIS has been already studied by Chmarra et al. [33] who present the concepts of retracting and seeking movements, concluding that the shortest path length, as presently used during the assessment of basic MIS skills, may be not a proper concept for analyzing optimal movements and therefore needs to be revised.
In general terms, novices accomplish all tasks in less time but that does not imply an improvement in the efficiency of movements. Therefore, the more the novices train, the faster they move the instrument but they do not do it in the most correct way. A similar result can be found in [34] , where Pagador et al. expose that intermediate surgeons could feel self-confident and move tools quicker than needed when accomplishing a surgeon's knot. We agree with Pagador et al. because in our opinion, repeating a task without proper feedback or mentoring do not lead to an expert execution which is also supported by Kolozsvari et al. in [13] where they state the four criteria requested for a deliberate practice: improve a specific aspect of performance; the need of valid, thorough and immediate feedback; opportunity to perform the tasks repeatedly within a controlled environment; and training sessions limited to 1 h. Therefore, VR simulators as SINERGIA together with a suitable mentorship could be a proper environment for this deliberate practice.
In light of the results of the study, learning curves of metrics that assess the basic psychomotor laparoscopic skills acquired in SINERGIA VR simulator show a faster learning rate during the first part of the training. Nevertheless, eight repetitions of the tasks are not enough to acquire all psychomotor skills that can be trained in SINERGIA. Therefore, with a properly designed training program, SINERGIA could be used as training tool. In our opinion, training programs must be distributed rather than massed in order to increase retention of psychomotor skills but they also have to take into account time constraints due to the maximum time that trainees can be out of their working place. Therefore, a proper training program would include an in-person training stage with a short duration that would be complemented with a distance training stage that would allow the trainee to train from his/her working place or even from home. VR simulators such as SINERGIA could be used in any of these two stages, although the usually high cost of this type of training devices limits a wider use.
Brinkman et al. [35] concluded that criterion-based training of laparoscopic skills can reduce the overall training time with no impact on training outcome, transferability or retention of skills. Therefore, it is considered as future work whether it is possible to improve the learning curve shown in this paper by establishing as benchmark the results of experts and determine whether results of Brinkman et al. are also transferrable to a VR simulator.
